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Motivation

Trends in Advanced Lean Burning Gas Turbines*

• Higher Combustor Inlet Temperatures

• Improved Fuel/Air Mixing

• Risk of Auto-Ignition/Flashback

• Role of Fuel Type/Composition

Major Question

If a Reaction is Initiated in the Premixer, 

Will the Reaction be “Held” on a Wall Recess?

*  Stationary Gas Turbine Engines
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Motivation
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Desired:  

Tools to guide premixer

design for robustness

relative to flame attachment

and disgorgement

High Hydrogen

Content

Fuels

On

N.G.

injectors
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Background

Literature
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Background

Large Body of Literature on Blowoff/Flameholding

Findings
• Only ~25% Focus on Natural Gas, <10% Hydrogen

• Most Focus on Centerbody Stabilization vs. Wall Effects

• Most Seek How to Stabilize, Not How to Avoid

Studies of Particular Relevance
• Cambel, et al. (1957, 1962)

– Wall Perturbations

– Limited Conditions

– Suggested Mechanism “Similar to Centerbody Stabilized”

UTSR Workshop, Columbus, OH, October 2011

• Propane

• No Variation in Temperature

• No Variation in Pressure

• No Geometry Effect Noted

• No Fuel Effects

• No Vitiation Effects
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Background

Large Body of Literature on Blowoff/Flameholding

Findings
• Only ~25% Focus on Natural Gas, <10% Hydrogen

• Most Focus on Centerbody Stabilization vs. Wall Effects

• Most Seek How to Stabilize, Not How to Avoid

Studies of Particular Relevance
• Cambel, et al. (1957, 1962)

– Wall Perturbations

– Limited Conditions

– Suggested Mechanism “Similar to Centerbody Stabilized”

• Correlation work for CB Stabilized

– Damköhler scaling seems to capture behavior

– e.g., work of Lefebvre, others

– e.g., Shanbhogue, Husain, and Lieuwen
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Research Questions

Major Question

If a Reaction is Initiated in the Premixer, 

Will the Reaction be “Held” on a Wall Recess?

Related Question #1

To What Extent do “Damköhler Type” expressions (based 

mainly on bluff body stabilized flames) apply to “small” wall 

recesses and/or perturbations?
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Research Questions

Major Question

If a Reaction is Initiated in the Premixer, 

Will the Reaction be “Held” on a Wall Recess?

Related Question #2

If the reaction holds on a wall feature, what is required to 

dislodge it (experience suggests strong hysteresis)
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Research Questions

Major Question

If a Reaction is Initiated in the Premixer, 

Will the Reaction be “Held” on a Wall Recess?

Related Question #3

What is role of T, P, fuel composition, and level of vitiation?
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Research Questions

Major Question

If a Reaction is Initiated in the Premixer, 

Will the Reaction be “Held” on a Wall Recess?

Related Question #4

How does the geometry of the wall feature affect the 

flameholding tendency?
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Project Goal

Develop design guides to predict flameholding

tendencies within premixer passages as a function 

of:

• Pressure

• Temperature

• Fuel Type/Composition

• %O2 in the air (vitiation levels)

• Geometry Features
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Approach and Schedule
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Approach

• Preparation

• Fuel/Module Selection

• Fabrication

• Diagnostics / Rig Setup

• Commissioning

• Experimental Studies

• Analyze and Correlate Results

14/46



Preparation

The test rig will leverage existing high pressure 

testing capability developed through support of 

NASA, DOE, and industry
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High Pressure Test Cells

15’ x 25’
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Preparation
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Apparatus

• Modular, leveraging elements of a flow reactor used for 

UTSR, CEC, and EPRI supported ignition delay studies 

217
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Preparation
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Apparatus:  Hydrogen/Air ignition
• Beerer & McDonell (2008):  Autoignition of Hydrogen and Air inside a Continous

Flow Reator with Application to Lean Premixed Combustion, J. Engr Gas Turb

Power, Vol 130, pg 051507-1 
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Preparation
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Apparatus:  Alkanes

• Beerer and McDonell

(2010, 2011)--alkanes

All tabulated data available

In supplemental material

997 ignition measurements

C1, C2
C1, C2

C3

J. Engr Gas Turb Power (2010)
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Preparation
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Apparatus

• Modular, leveraging elements of a flow reactor used for 

UTSR, CEC, and EPRI supported ignition delay studies 
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Preparation

Schematic

• Modular, leveraging elements of a flow reactor used for 

UTSR, CEC, and EPRI supported ignition delay studies 

UTSR Workshop, Columbus, OH, October 2011

5 POINT FUEL INJECTION

Flame Holder Test

Rig Modules

Existing Test Section

available from a

short duration

industry study

in early 2000’s

--actually predated

flow reactor

configuration

--2.5‖ semi-square

cross section
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Preparation

5 POINT FUEL INJECTION

MAIN TEMPERATURE

IGNITER
EXIT TEMPERATURE

Legacy Test Section
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IGNITER

STEP INSERT

STEP VIEW PORT

Legacy Test Section
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TORCH IGNITER ON

TORCH IGNITER OFF

Flame Holding
Current Project:

High Speed OH* Imaging

will be used as well

Phantom 7.2 CMOS w/

external intensifier
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Velocity/Turbulence Mapping
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Approach

• Preparation

• Fuel/Module Selection

• Fabrication

• Diagnostics / Rig Setup

• Commissioning

• Experimental Studies

• Analyze and Correlate Results
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Fuel Space

Fuel Space

UTSR Workshop, Columbus, OH, October 2011

*

*For pipeline injection.  For onsite use can find 50%+ ethane
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Operating Conditions

Operating Conditions
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Autoignition may constrain some of this space
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Test Module Selection

Test Section

• Will consider modified version

to allow top access

• Downstream ignition?

• Replace 5 point fuel injection

with ignition delay venturi injector

UTSR Workshop, Columbus, OH, October 2011 30/46



Potential Geometries

Test Module Selection
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Test Module Selection

Potential Geometries

UTSR Workshop, Columbus, OH, October 2011

(legacy parts available)
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Approach

• Preparation

• Fuel/Module Selection

• Fabrication

• Diagnostics / Rig Setup

• Commissioning

• Experimental Studies

• Analyze and Correlate Results
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Legacy Tests:  Go/no go Findings

Limited studies carried out in 2002 examined “go/no 

go” type tests to establish max step feature for 

natural gas premixing to disgorge

• Only step “expansion” geometry studied

• Test intended to evaluatedo 1/32” or 1/8” steps hold 

flame?

• Fuel/Velocity Distributions non-ideal (post test)

• Results can serve as a baseline for the current effort

• Also provide “seed results” for correlation evaluation

– ANOVA
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Current
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Test Plan

PARAMETER 
 

UNITS MINIMUM CENTER MAXIMUM 

Pressure atm 2 4.5 7 

Temperature deg F 
(K) 

600 
(588) 

825 
(714) 

900 
(755) 

Equivalence Ratio  0.6 
(or limit) 

0.8 1.0 

Freestream Velocity ft/s 
(m/s) 

100 
(30.5) 

150 
(45.7) 

200 
(61.0) 

Step Heights in 
(mm) 

0.0313 
(0.79) 

0.125 
(3.18) 

0.250 
(6.35) 

 
Do steps hold flame?
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Test Matrix

Hold/No Hold Test

• 1 mm step didn’t

hold flame

• 3.2 & 6.4 mm did

• LBO point noted

as ―afterthought‖

LBO Point:

4 factor

2 level

Full factorial

w/Centerpoints

Allows ANOVA
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Analysis of Variance

Results from ANOVA

• Step Height not statistically significant (0.125/0.25” step)

• Effect of velocity depends on pressure

• Low pressure, velocity has no effect

• High pressure, significant velocity effect

• Lack of fit is significant

• Indicative of non-linear behavior

• Evaluation of log/ln response still indicates lack of fit

• Insufficient results to generate strong conclusions

• Need for additional measurements

• More systematic studies

VelocityessureVelocityessureTempWE *Pr*0006.0*0013.0Pr*091.0*00017.099.0
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Legacy Tests:  Correlation?

Limited studies carried out in 2002 examined “go/no 

go” type tests to establish max step feature for 

natural gas premixing to disgorge

• Only step “expansion” geometry studied

• Test intended to evaluatedo 1/32” or 1/8” steps hold 

flame?

• Fuel/Velocity Distributions non-ideal (post test)

• Results can serve as a baseline for the current effort

• Also provide “seed results” for correlation evaluation

– e.g., vs Cambel?
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Current
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Analysis

Cambel, et al. (1957, 1962) • PROPANE

• NO TEMP VARIATION

• NO PRESSURE VARIATION

2002 STUDY

Fuel Distribution?
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Legacy Tests:  Correlation?

Limited studies carried out in 2002 examined “go/no 

go” type tests to establish max step feature for 

natural gas premixing to disgorge

• Only step “expansion” geometry studied

• Test intended to evaluatedo 1/32” or 1/8” steps hold 

flame?

• Fuel/Velocity Distributions non-ideal (post test)

• Results can serve as a baseline for the current effort

• Also provide “seed results” for correlation evaluation

– e.g., Ballal and Lefebvre, (1979)

– Essentially Damköhler scaling (reaction time/residence time) 
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Current16.0

150/25.0 1

'14.0125.2

gc
oT

o
LBO

BDeTP

uU
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Test Matrix

PARAMETER 
 

UNITS MINIMUM CENTER MAXIMUM 

Pressure atm 2 4.5 7 

Temperature deg F 
(K) 

600 
(588) 

825 
(714) 

900 
(755) 

Equivalence Ratio  0.6 
(or limit) 

0.8 1.0 

Freestream Velocity ft/s 
(m/s) 

100 
(30.5) 

150 
(45.7) 

200 
(61.0) 

Step Heights in 
(mm) 

0.0313 
(0.79) 

0.125 
(3.18) 

0.250 
(6.35) 

 Step Heights:

B&L blockage ratio AB/AD: 4-34%

Current ―blockage‖ ratio <1%

Temps:  B&L 575 K max

Fuel:  B&L Propane

AB AD

16.0

150/25.0 1

'14.0125.2

gc
oT

o
LBO

BDeTP

uU
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0.30
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Ballal and Lefebvre (1979)
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gc
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o
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uU

Fuel/Air control needs improvement (already in place)
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Additional Considerations

• Consider Quench Distance within Blockage Ratio

• Fuel type:  Reaction Order of Methane vs Propane

– Pressure Dependency of Reaction Rate?

– Analysis suggests P^0.3 improves fit

– Lefebvre’s original data suggested very small pressure 

dependency (unexpected)

'63.0

10

uS
d

T

q

Klimov expression (1983) used for ST

BTW--dq ~ 0.1 mm compared to 0.8 mm for smallest step

BTW—what is ST? (results expected from other UTSR efforts)

u’>2SL
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Additional Considerations 
Included
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Findings from Limited Natural Gas Data

Steps less than 0.0313” didn’t hold flame
• Quenching Limit?

• Role of conditions, fuel composition?

• Experiment Issues (fuel distribution, fuel/air control)

DOEx and Analysis of Variance
• No step effect noted (consisted w/Cambel)

– Pressure, Velocity, Temperature, PV Interaction

– Insufficient data to utilize ANOVA reliably

Correlation effort
• Similar trends to Cambel, but differences noted

– Different fuels, etc

• B&L similar trends, but not good agreement

– Different fuels, temperatures

– Large bluff body vs small wall features

Research Questions remain!
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Current Project
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mcdonell@ucicl.uci.edu; 949 824 5950 x121
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